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intestinal proteome of broiler chickens
Emily L. O’Reilly1*, Richard J. Burchmore2, Nicholas H. Sparks3 and P. David Eckersall1Abstract
Background: In poultry production intestinal health and function is paramount to achieving efficient feed utilisation
and growth. Uncovering the localised molecular mechanisms that occur during the early and important periods of
growth that allow birds to grow optimally is important for this species. The exposure of young chicks to used litter
from older flocks, containing mixed microbial populations, is a widely utilised model in poultry research. It rarely causes
mortality but effects an immunogenic stimulation sufficient enough to cause reduced and uneven growth that is
reflective of a challenging growing environment.
Methods: A mixed microbial challenge was delivered as used litter containing Campylobacter jejuni and coccidial oocysts
to 120 male Ross 308 broiler chicks, randomly divided into two groups: control and challenged. On day 12, 15, 18 and 22
(pre- and 3, 6 and 10 days post-addition of the used litter) the proximal jejunum was recovered from 6 replicates per
group and differentially abundant proteins identified between groups and over time using 2D DiGE.
Results: The abundance of cytoskeletal proteins of the chicken small intestinal proteome, particularly actin and actin
associated proteins, increased over time in both challenged and control birds. Villin-1, an actin associated anti-apoptotic
protein, was reduced in abundance in the challenged birds indicating that many of the changes in cytoskeletal protein
abundance in the challenged birds were as a result of an increased rate of apoptosis. A number of heat shock proteins
decreased in abundance over time in the intestine and this was more pronounced in the challenged birds.
Conclusions: The small intestinal proteome sampled from 12 to 22 days of age showed considerable developmental
change, comparable to other species indicating that many of the changes in protein abundance in the small intestine are
conserved among vertebrates. Identifying and distinguishing the changes in proteins abundance and molecular
pathways that occur as a result of normal growth from those that occur as a result of a challenging microbial
environment is important in this major food producing animal.
Keywords: Intestine, Chicken, Villin, Proteome, ApoptosisBackground
The gastro-intestinal (GI) tract of poultry is an important
proteomic target for research. Enclosed by a single layer of
polarised epithelial cells affixed to an extracellular matrix
known as the basement membrane [1], the GI tract serves
as a selective barrier between the tissues of the bird and
the luminal environment [2] and provides the mechanisms
by which the body derives nutrients from its environment.
Its role in nutrient absorption, growth and maintaining
the overall health of the bird makes it an apt proteomic
target, further analysis of which allows the molecular* Correspondence: eoreill@exseed.ed.ac.uk
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(http://creativecommons.org/publicdomain/zemechanisms involved in responses to disease, dietary sup-
plementations and feed utilisation to be fully understood.
Identifying the mechanisms by which intestinal pathogens
have their most deleterious effects will enable a deeper un-
derstanding of enteric health in poultry.
Studies of the chicken intestinal proteome have
found that proteins in the brush border involved in
digestive function, maintenance of membrane poten-
tial, membrane trafficking and cytoskeletal organisa-
tion change over time from day of hatch to 14 days
post hatch, with changes differing between genetic
lines [3]. Bacteriocins, a heterogeneous group of pro-
teinaceous compounds lethal to bacteria other than
the producing strain, were found to cause differentialle is distributed under the terms of the Creative Commons Attribution 4.0
.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
ive appropriate credit to the original author(s) and the source, provide a link to
changes were made. The Creative Commons Public Domain Dedication waiver
ro/1.0/) applies to the data made available in this article, unless otherwise stated.
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many of which were antioxidants [4]. The feeding of the
probiotic Enterococcus faecium (E. faecium), resulted in
the differential abundance of 42 intestinal mucosal pro-
teins, including those related to intestinal structure and
immune and antioxidant systems of which 6 were abun-
dant in the broilers fed E. faecium [5]. High atmospheric
ammonia exposure was found to cause differential abun-
dance of 43 intestinal mucosal proteins, increasing the
abundance of proteins related to oxidative phosphoryl-
ation and apoptosis and reducing those related to cell
structure and growth, transcriptional and translational
regulation, immune response, oxidative stress and nutrient
metabolism; indicating that exposure to ammonia
triggered oxidative stress and interfered with nutrient
absorption and immune function in the small intestinal
mucosa of broilers [6].
The GI tract microbiota plays an essential role in
the growth and health of the bird and as the bird
ages the microbial profile becomes more complex [2].
The environment and dietary composition affect the
microbiota and because the microbiota affects intes-
tinal development, the mucosal architecture and the
mucus composition, the intestine will therefore also
be affected by a range of factors associated with the
birds environment and management [7]. A healthy
microbiota imparts a positive effect on health and
wellbeing of an animal, and this effect will be medi-
ated, at least in part, at the intestinal surface, where
microbiota and enterocyte meet. The majority of
broilers in modern poultry productions systems are
reared on litter, a mixture of the initial bedding mate-
rials, excreta, feathers, unconsumed feed and other
detritus from the chicken [8, 9]. Reuse of litter, widely
practiced in the USA and other countries, is known
to quantitatively and qualitatively alter the avian gut
microbiota through the ingestion of litter borne en-
teric pathogens thereby affecting the overall health
and growth performance of broiler chickens [10].
Used litter increases microbial complexity, acting as
an immunological challenge to the chicks and nega-
tively affecting growth rates [8–10]. Exposing chicks
to used litter under experimental conditions provides
a way of investigating how the intestinal proteome re-
sponds to this challenge specifically as well as having
the potential to provide more general information on
the molecular mechanisms operating within the GI
tract. The intestinal microbiota has been shown to
effect the intestinal proteome of pigs [11]. When
gnotobiotic pigs are mono-associated with Lactobacil-
lus (L.) fermentum or non-pathogenic Escherichia (E.)
coli, both commensal bacteria commonly found in the
neonatal pig intestine, proteins related to lipid metab-
olism, proteolysis and apoptosis and plasma proteinswere markedly affected. E. coli was found to have a
profound effect on cell proliferation and enterocyte
migration, whereas L. fermentum had more of an im-
munoregulatory role [11]. Human studies have largely
focused on the microbiota metaproteome, with a re-
sultant body of evidence linking the microbiota profile
to health and disease [12]. Because the intestinal
epitheilial barrier plays such a critical role in mediat-
ing the relationship between microbiota and host,
during both homeostasis and disease, studies have
also targeted the host intestinal proteome particularly
in relation to the pathogenesis of inflammatory bowel
diseases such as Crohn’s disease and colitis [13, 14].
This host-centric approach, focusing on proteins
expressed by the host has been widened to include
the faecal proteome [15], as the microbial colonisa-
tion on the GI tract impacts the pattern and diversity
of host proteins in the faeces [16].
The aim of this study was to examine the changes in
the proteome of the small intestine of the chicken in re-
sponse to a microbial challenge over a ten day period.
Differential gel electrophoresis (DiGE) was used to study
the proteome and the microbial challenge was provided
by adding used litter to 6 replicate challenge pens. De-
tailing the proteomic changes that occur in the intestine
in the growing bird and how disruption to the intestinal
homeostasis affects the intestine proteome will contrib-
ute to the understanding of small intestinal development
and response to microbial challenge.
Method
Animals and experimental design
The experimental design and procedure was approved by
SRUC’s Animal Experiments Committee (AU AE 40–
2012) and complied with the conditions of the relevant
Home Office licences. At day-old, 120 male Ross 308
broiler chicks were randomly divided into two groups:
control and challenged. Birds were divided into 6 repli-
cates per group, housed in floor pens containing 10 birds
per pen in an environmentally controlled room (with con-
ditions maintained as appropriate for the age of bird).
Chicks were fed a commercial starter ration until 10 days
of age after which they were moved onto a grower ration
for the remainder of the study. On day 12, litter from a
commercial unit housing broilers aged 35 days was recov-
ered from the top layer, manually broken down and 1 kg
was added to each of the challenge pens. On day 12, 15,
18 and 22 (3, 6 and 10 days post-addition of the used
litter) the chicks in each pen were bulk-weighed and one
bird from each pen was randomly selected and following
cervical dislocation, the proximal jejunum was recovered,
flushed lightly with physiological saline to remove digesta
and a 5 cm section removed, frozen immediately and
stored at −80 °C till use.
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An aliquot of the challenge litter taken on the day of
collection and day 22 digesta, recovered and pooled
from jejunal and ileal regions of the challenge and con-
trol groups, were analysed at the Avian Science and
Research Centre (ASRC) microbiology laboratory
(SRUC, Auchincruive, UK). From these samples 10 g
was made to 100 g with the addition of sterile saline and
homogenised in a stomacher for 45 seconds to make a
10−1 dilution. Further tenfold dilutions were prepared in
sterile universal bottles down to 10−9. Dilutions were
formed in duplicate. For both litter and digesta aerobic
and anaerobic total viable counts (TVC) were determined
following 48 hr incubation at 37 °C on nutrient agar.
Lactobacillus spp. and Campylobacter spp. were enumer-
ated using Man Rogosa Sharpe agar (MRS, Oxoid
CM0361) 1 ml pour overlay plates (both layers identical)
incubated microaerophilically for 48 h at 37 °C and
charcoal-cefoperazone-deoxycholate agar (CCDA) incu-
bated microaerophilically for 48 h at 41.5 °C respectfully.
For Campylobacter spp. some confirmatory steps were
performed, namely Gram stain and oxidase test. For enu-
meration of Clostridium perfringens in the litter, samples
were incubated anaerobically on Tryptose Sulphite Cyclo-
serine agar (TSC, Oxoid UK CM0587) overlay plates (bot-
tom layer perfringes agar base (PAB), TSC and egg yolk/
top layer with PAB and TSC) for 48 h at 37 °C. Digesta
coliform counts were enumerated following incubation
for 48 h at 37 °C on MacConkey Agar without salt.
2D DiGE
The DiGE method described by [17] was used with the
following modifications: 0.5 g of jejuna from each
chicken was ground a pestle and mortar with liquid ni-
trogen and pooled to create control and challenge
groups for days 12, 15, 18 and 22. For each group
100 mg of the pooled ground jejuna was vortexed with
500 μl of DiGE lysis buffer (7 M urea, 2 M thiourea,
25 mM Tris, 4% CHAPS) and an acetone precipitation
was performed and to the final pellet 200 μl of DiGE
lysis buffer was added. A Bradford assay determined the
protein concentration, and the samples adjusted to
5 mg/ml with DiGE lysis buffer. For each time point
50 μg of intestinal lysate from both challenge and con-
trol groups were labelled to both Cy3 and Cy5 DiGE
Fluors. A pooled internal standard, containing equal vol-
umes of protein from control and challenged groups at
each time point were bound to Cy2 dye. The Cy3 and
Cy5 bound samples together with the Cy2 bound stand-
ard protein were added to a rehydration buffer (6 M
urea, 2 M thiourea, 4% CHAPS, 0.002% (w/v) bromo-
phenol blue) into which 3.5 mg of dithiothreitol (DTT)
and 1.75 μl IPG pH 4–7 buffer (GE healthcare biosci-
ences 17-6000-86) was added before being applied to a24 cm 4–7 IPG strip (GE Healthcare Life Science 17-
6002-32), covered with 1 ml of mineral oil and focused
to 8000 Volts over 27 h. The IPG strips were washed in
10 mg/ml DTT and 25 mg/ml 2-Iodoacetamide IEF
equilibrium buffers for 15 minutes each. For the second
dimension the IPG strip was placed onto a 24 cm 12.5%
SDS-PAGE gel and ran in a ETTAN DALT system with
2% SDS running buffer at 1 V per gel for 18 h. Gels were
scanned on a Typhoon 9400 laser scanner. For spot
picking 2D preparatory gels were produced as described
for the DiGE by mixing 500 μg of protein with 350 μl of
rehydration buffer. Following 2D separation the gels
were fixed and stained in colloidal Coomassie for 48 h.
Image analysis
DiGE images were analysed using DeCyder v7.0 (GE
Healthcare, Amersham, UK). A two-way analysis of vari-
ance (ANOVA) was performed on the protein log spot
abundance derived from the normalized spot volume
standardized against the intra-gel standard with a false
discovery rate of 1%. Differentially abundant protein
spots volumes whose log standardised abundance were
statistically significant both between challenged and con-
trol groups over the four time points were selected for
identification, matched to the preparatory spot maps
and excised from the preparatory gels. Spots that had
significantly different abundance for a single variable, ei-
ther time point or challenge were also selected.
Spot excision and digestion
Selected protein spots were manually excised, diced,
washed in 500 μl of 100 mM ammonium bicarbonate for
30 minutes, twice washed with 500 μl of 50% acetonitrile
in 100 mM ammonium bicarbonate for 30 minutes and
finally washed in 50 μl of 50% acetonitrile for 10 minutes,
after which the solvent was removed and the gel pieces
dried in a Speed-Vac centrifuge. For in-gel digestion, gel
pieces were rehydrated with sequencing grade trypsin
(Promega, WI USA, V511A) re-suspended in 20 μl of
25 mM ammonium bicarbonate. Following a further re-
hydration with 20 μl of 25 mM ammonium bicarbonate,
the protein was allowed to digest overnight at 37 °C. Fol-
lowing centrifugation the liquid was transferred to a 96
well plate. To the pelleted gel pieces, 20 μl of 5% formic
acid was added and following a 20 minute incubation
with agitation 40 μl of acetonitrile was added and the in-
cubation continued for 20 minutes. The samples were
centrifuged and the supernatant added to the liquid in
the 96 well. The combined extracts were dried down
completely in a vacuum centrifuge.
Protein identification
Proteins were identified using nanoflow HPLC electro-
spray tandem mass spectrometry (nLC-ESI-MS/MS) as
Fig. 1 Box plot of pen weights of challenge and control groups
from day 12 to day 22, median ±minimum and maximum values
(* <0.05)
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using the Mascot search engine to interrogate protein
sequences in the NCBI Genbank databases for Gallus
gallus and bony vertebrates, allowing a mass tolerance of
0.4 Da for both MS and MS/MS analyses.
Western blot analysis
To 5 μg of gut lysate, 10 μl of Laemelli buffer (BioRad
1610737) was added, heated at 95 °C for 4 minutes and
the proteins separated in using a BioRad Criterion XT
Bis-Tris precast gel (BioRad #345-0124) over 25 min at
200 V in MOPS running buffer (BioRad #161-0788). The
proteins were transferred to nitrocellulose paper (NCP)
(Bio-Rad 162–0112) in a Criterion blotter (Bio-Rad 170–
4070) with transfer buffer (25.012 mM Tris, 191.82 mM
Glycine, Methanol 20% (v/v)) at 70 V over 1 h. The NCP
was blocked overnight with 1% (w/v) non-fat milk pro-
tein in Tris buffered saline (18 mM Tris, 123.2 mM
NaCl) (TBS) and washed three times with 0.1% tween
(TBS-T). Incubation with primary antibodies: mouse
anti-chicken villin antibody (MCA292 AbD Serotec
Kidlington, UK) diluted 1:50,000 with TBS-T and rabbit
anti-chicken apolipoprotein AIV (apo AIV) (Ab113108,
Abcam, Cambridge, UK), diluted 1:4000 with TBS-T,
over 1 h at room temperature was followed with wash-
ing (TBS-T) and a 1 h room temperature incubation
with donkey anti-mouse IgG conjugated to HRP
(Ab6820, Abcam, Cambridge, UK) and goat anti-rabbit
IgG conjugated to HRP (Ab6721, Abcam, Cambridge,
UK) diluted 1:20,000 with TBS-T; secondary antibodies
to the villin and apo AIV primary antibodies respectfully.
The NCP was washed with TBS-T and developed with
enhanced chemiluminescence (ECL) substrate (32106
ThermoFisher Scientific, Paisley, UK). This was repli-
cated three times at these antibody concentrations.
Statistical analysis
Mean pen weights, taken over the four time points were
analysed using regression analysis on Minitab v.16 [18]
and data are expressed as mean ± SD and p < 0.05 was
considered significant. DeCyder, after spot matching,
used two-way ANOVA in the BVA module.
Results
The effect of re-used litter on growth
The used litter, introduced at day 12, resulted in a signifi-
cantly lower (P < 0.05) mean weight for the challenged
birds at day 22, when compared to the control, with mean
body weights of 374 g (±41 g) and 441 g (±34 g) respect-
ively (Fig. 1). No mortalities were recorded during the
period of the trial. A representative sample of the
challenge litter was submitted for microbial analysis on
the day of collection and Clostridium perfringens,
Lactobacillus, Campylobacter jejuni and Eimeria wereidentified. The digesta from the small intestine was recov-
ered on day 22. The microbial populations for the chal-
lenged and control birds were found to have similar
numbers of total viable count (TVC) for aerobic and
anaerobic bacteria and for coliform bacteria. C. jejuni was
identified in the used litter and the ileal digesta of
challenged birds at 22 days of age, while the control
digesta was negative for C. jejuni. The Eimeria oocyst
count from the used litter was 27,000 oocyst per gram
which corresponds to lesion score 1 [19]. This oocyst
count was within the expected range for a poultry unit at
35 days.
DiGE
Analysis of the gels using DeCyder reported 792 spots
after an area of interest and exclusion parameters were de-
fined. Of these spots, 280 were matched across all gels. A
two-way ANOVA identified spots whose abundance chan-
ged significantly between challenged and control samples
and those which changed abundance significantly over
time (days 12 – 22 after hatching). Figure 2 details the
spot maps from day 22 challenge and control groups. Of
the 792 spots reported, 28 spots were differentially abun-
dant over time as a result of microbial challenge (Table 1).
Of these, 10 showed increased abundance in the chal-
lenged birds compared to the control birds from day 12,
16 decreased in the challenged birds from day 12. There
were 2 spots that showed variable but significant changes
between the two groups over the 4 time points. The log
standardised abundance of these protein spots were plot-
ted over time for challenged and control groups. Figures 3,
4 and 5 depict the graphs of all 28 spots differentially
abundant over time as a result of the microbial challenge.
Spots that showed significant differences in abundance for
only one of the variables (either litter challenge or time)
were also identified (Table 2), 23 spots were differentially
abundant over time in all birds and there were 6 spots that
showed differential abundance between the control and
challenge birds only and did not show significant changes
Fig. 2 Spot maps from a control and challenged samples from day 22
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teins they contained. A comparison of molecular and bio-
logical functions of the proteins found to increase and
decrease as a result of the microbial challenge were com-
pared using the gene ontologies (GO) [20]. The GO terms
for all the proteins that were either increased in abun-
dance or decreased in abundance were compared (Fig. 6).
Proteins associated with the stress response, apoptosis and
the extra-cellular matrix were found increase in abun-
dance in the challenged birds overtime. Proteins associ-
ated with metabolism, energy/TCA cycle ad glycolysis and
membrane transport were found to reduce in abundance.
Western blot analysis
Western blot analysis of gut lysate from day 22 chal-
lenged and control groups reveal different staining in-
tensities for villin-bound antibody (Fig. 7) with lower
signal intensity in the challenged birds, validating the
DiGE results. Apolipoprotein AIV is synthesised in the
intestine and liver, with the proximal intestine being the
primarily site of synthesis [21]. This protein was identi-
fied but found not to be differentially abundant between
the challenged and control birds at any time point and
as such used as a loading control.
Discussion
The re-used litter affected growth and intestinal
microbiota
By day 22 the mean pen weights of the challenge pens
were significantly lower than the control pens. Birds were
bulk weighed by pen and uneven growth was evident
within the challenged groups, indicating that the used lit-
ter was having a significant effect on growth. The presence
of C. perfringens, Lactobacillus, C. jejuni and Eimeria in
the used litter was expected since used poultry litter har-
bours bacteria that are intestinal in origin [8] and the litter
was heavily laden with excreta from the broilers reared onit. C. jejuni was present in the ileal digesta of challenged
birds at 22 days of age, while the control digesta remained
negative for C. jejuni. While a number of organisms in the
challenge litter may have contributed to the reduced
growth, there is increasing evidence that C. jejuni, in
addition to its role in bacterial food borne illness in
humans, is more than a harmless commensal in chickens
as birds do mount an immune response to C. jejuni infec-
tion [22]. The Eimeria oocyst count was within the nor-
mal range for litter of this age. Oocyst counts in litter and
faeces peak between 4 and 5 weeks during the growth of
broiler chickens [23] so for the challenged birds at 12 days
of age, the introduction of oocysts from the used litter
may have been sufficient, in the absence of anti-coccidials
or any acquired immunity, to initiate changes in the intes-
tinal proteome. No obvious signs of coccidiosis was evi-
dent on post-mortem examination, however coccidial
infections induce a variety of pathological and immuno-
logical responses that help the host acquire protective
immunity, and immunological and non-immunological
defences play a role at the intestinal mucosal surface dur-
ing Eimeria invasion [24]. The interaction between
Eimeria and the intestinal mucosal immune system is a
key component in the defence of the chicken to these en-
teric pathogens [25]. While it has been shown previously,
that infecting birds with different Eimeria species changes
the serum proteomes of infected birds [26], taking a local-
ised proteomic approach utilising coccidial infection
models may yield further insight into how the chickens re-
spond to infection.
Differentially abundant proteins
In birds challenged with used litter, proteins associated with
the stress response, apoptosis and the extra-cellular matrix
increased in abundance over time. Actin and actin associ-
ated proteins were identified in a large number of spots and
were found to exhibit variable changes in abundance
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Fig. 3 Protein spots that decreased in abundance over time as a result of microbial challenge
O’Reilly et al. Proteome Science  (2017) 15:10 Page 8 of 17overtime and between challenge and control birds. Actin,
dominating the proteins that were found to increase in
abundance over time in the challenge birds, was identified
in four of the ten spots and the actin associated protein
tropomyosin was identified in a further spot. Conversely
the actin associated proteins adservin, T-complex-1 and
plastin-3 decreased in abundance over time in challenged
birds. Actin was also found to be differentially abundant in
multiple spots that increased in abundance over time in all
birds in the study (Table 3). Between hatch and 21 days
of age increases in villus volume, crypt depth, prolif-
eration of the enterocytes, cellular hypertrophy andincreased rate of migration of enterocytes are seen
[27, 28] and the growth of the jejunum and ileum
continues to increase beyond 14 days [27]. Enterocyte
migration from villus crypt to tip is associated with
actin remodelling [11] and the increased actin abun-
dance in multiple spots in all the birds over time is
likely to be associated with normal growth and as
such is a normal developmental finding, associated
with normal epithelial cell turnover, migration and
differentiation of the enterocytes.
Villin, the major actin-modifying protein associated
with the microvillar actin filaments [29], remained stable
Fig. 4 Protein spots that increased in abundance over time as a result of microbial challenge
O’Reilly et al. Proteome Science  (2017) 15:10 Page 9 of 17over time in the control birds but decreased markedly
after day 12 in the challenged birds (Table 3). Localised
at the apical surface of the enterocytes, villin regulates
epithelial cell morphology, actin reorganisation and cell
motility; regulating cell survival by preserving steady
state actin dynamics [29, 30]. In the challenged birds the
wide spread (over multiple spots) increase of actin,decrease in actin associated proteins, together with not-
able change in the abundance of villin-1, a key regulator
of apoptosis in the GI epithelium [30], makes it highly
likely that the microbial challenge increased apoptosis in
the intestinal epithelia effecting cytoskeletal remodelling.
The cytoskeletal protein tubulin decreased in abundance
in the challenged birds whereas desmin and vimentin
Fig. 5 Protein spots that showed significant but varied changes over time as a result of microbial challenge
O’Reilly et al. Proteome Science  (2017) 15:10 Page 10 of 17increased in abundance in the challenged birds over
time. As changes in actin and villin are linked to apop-
totic cell death [30], the changes in the abundance of
these proteins in the intestinal epithelia of the chal-
lenged birds may have contributed to the reduced
growth rate and changes in protein abundance relative
to the control group.
Remodelling of the actin cytoskeleton in response to
stress is a fundamental process in eukaryotic cells with a
clear link between the actin cytoskeleton and apoptosis
established [30]. Apoptosis regulates both the number of
stem cells in the crypts as well as the sloughing of cells
from the villus tips with expression of villin highest in
the apoptosis-resistant villus cells and lowest in the
apoptosis-sensitive crypts [31]. A homeostatic balance
between proliferation and apoptosis is essential for the
intestinal epithelium to function as a physiological and
structural barrier [29]. Abnormalities associated with
apoptosis in the epithelium have been linked to GI tract
diseases in humans [30] where decreased villin produc-
tion from enterocytes in patients with ulcerative colitis
and Crohn’s disease has been related to disturbances in
differentiation and maturation processes in the GI epi-
thelium [29]. Serum villin and auto-antibodies specific
for villin have been shown to increase in patients with
inflammatory GI diseases and colorectal cancers [32,
33], its presence in the serum postulated to be the result
of dysplastic cell lysis or the improper processing of vil-
lin in tumour cells [33]. While villin is not present in the
serum of healthy broilers (O’Reilly, 2015 unpublished
observations) its presence in the serum of birds with sig-
nificant GI pathology has yet to be been determined.
Other studies in chickens have identified villin in the
intestinal proteome and suggested it to be develop-
mentally regulated, as abundance is highest at day of
hatch and declining thereafter up to day 14 [3]. The
same study also found villin-1 abundance to differ
between broiler lines selected for different growth
performance [3].In evaluating the effect of probiotics on the microbiota
and intestinal proteome of broilers, a previous study
found E. faecium supplementation to affect villin abun-
dance [5]. Of particular note in this previous study [5] is
the observation that 7 villin-1 spots were reduced in abun-
dance and a further single villin-1 spot (of lower molecu-
lar weight) was increased in abundance [5]. Villin has
recently been revealed to function in a pro-apoptotic fash-
ion, whereby its cleavage in the intestinal mucosa pro-
duces lower molecular weight pro-apoptotic fragments
that sever actin in an unregulated fashion to initiate the
extrusion and subsequent apoptosis of effete cells from
the villus tips [31]. It is therefore possible to postulate that
the observations in this previous study (the reduced abun-
dance of multiple villin-1 spots, and the increased abun-
dance of a single lower molecular weight villin-1 spot [5])
are indicative of villin having both pro- and anti-apoptotic
functions in chickens also. Because villin and its associated
fragments play such pivotal roles in the maintenance of
the intestinal epithelial cell architecture and tissue homeo-
stasis [31], characterisation of the mechanisms by which
the intestinal microbiota composition affects their abun-
dance would provide valuable insights into both the
pathogenesis of enteric disease and how more subtle
changes in diet and microbiota composition affects
growth, especially in a challenging environment.
In pigs infections such as those caused by Salmonella
enterica serovar Thyphimurium increase the abundance
of cytoskeletal proteins such as actin in the intestinal
proteome, while proteins associated with actin function
show variable responses [34], in keeping with the find-
ings in the challenged birds. These authors found villin
abundance to decrease in infected pigs and associated
this finding with membrane ruffling and microvilli de-
nuding [34]. Colonising germ free pigs with either non-
pathogenic E. coli or L. fermentum resulted in actin and
actin proteins associated with remodelling, including
tropomyosin, to increase in abundance in the gut tissues
of the pigs colonised with E. coli. However they were not
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Fig. 6 Using gene ontology annotations, the molecular and biological functions of all of the proteins from the spots that increased and decreased as
a result of a microbial challenge over time were compared (animalgenome.org/cgi-bin/util/gotreei)
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fermentum [11]. Similar findings have also been reported
in mice and zebrafish [35, 36].
Collagen alpha-1 VI, the major collagen type synthe-
sized by intestinal epithelial cells, is involved in the
homeostasis of this rapidly renewing epithelium [37].
From day 12, the abundance of this protein decreased in
both challenged and control birds, in the challenged birds
however the decrease was especially notable; though the
abundance did increase again between days 18 and 22,
returning to levels closer to that of the control group byFig. 7 Western blot confirming the decreased abundance of villin in
the intestinal lysate of the challenge group at day 22. Image is
representative of three western blots with similar resultsday 22. The decrease seen in both groups of birds between
days 12 and 15, together with the more dramatic de-
creased noted in the challenge birds indicates that this
protein, a regulator of fibrillogenesis and an anchoring
meshwork connecting collagen fibers and other structures
such as nerves and blood vessels to the surrounding
matrix [37], is highly changeable over this early period of
growth. The abundance of collagen alpha-1 VI appears to
be influenced by the intestinal microbiota, as evidenced by
the significant difference between the challenged and con-
trol birds at day 15, 3 days post challenge. It is possible
that both the age associated changes in intestinal micro-
biota seen during this period and the changes induced by
the introduction of the used litter could influence the
abundance of this protein. Given the critical role collagen
alpha-1 VI has in maintaining the integrity and function-
ing of this highly dynamic epithelium [37] the marked
changes in abundance observed as a result of the addition
of the used litter is significant.
The abundance of proteins associated with metabol-
ism, energy and TCA cycles and glycolysis and mem-
brane transport reduced in challenge birds over time.
Creatine kinase, an enzyme catalyzing the reversible
phosphorylation of creatine for cellular maintenance and
energy transport [4], decreased over time in the chal-
lenged birds; it was also found to be reduced in the in-
testinal proteome in albusin B supplemented broilers [4].
Cytochrome b-c1, α-enolase and NADPH cytochrome
p450 reductase, all enzymes in molecular pathways asso-
ciated with energy metabolism, such as glycolysis, the
Table 3 Differentially abundant spots
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in abundance over time in the challenged birds.
Annexin-6 also decreased over time in the challenge
birds. Previous studies have found annexin proteins to
be most abundant in the intestine at hatch and to decline
thereafter [3]. Annexin proteins are critical in regulating
membrane and membrane-cytoskeleton interactions, hav-
ing an important role in facilitating exocytoses and stabil-
isation of membrane domains [3].
Six spots were identified as being differentially
abundant in the challenged birds only, with time
having no effect. Proliferating cell nuclear antigen
and adenosine deaminase were two of these spots.
Abundance of proliferating cell nuclear antigen, a
protein involved in DNA replication, remained
steady in the control birds but increased dramatically
in the challenged birds and remained elevated
throughout the study period. Adenosine deaminase
an enzyme involved in nucleotide metabolism was
stable in the control birds but decreased in abun-
dance in the challenged birds after the used litter
was introduced at day 12, though abundanceincreased between days 18 and 22, suggesting a return to
pre-challenge levels.
Heat shock proteins (HSP) HSP71, HSP70 and
HSP108 decreased in abundance in the challenged birds
over time and HSP70, HSP71 and HSP 90 decreased in
both groups of birds over time (Table 3). Heat shock
proteins are a group of proteins synthesised in response
to physical, chemical or biological stresses, including
heat exposure [38]. They are molecular chaperones
responding to stress related events in a variety of organs
including digestive organs. Heat shock proteins protect
against environmental stresses and are considered im-
portant for adaption to environmental changes [39].
Hyperthermia, mild irritation (gastric acid), secondary
ischaemic conditions and oxidative stress caused by lipo-
polysaccharide (LPS) have been found to induce HSP in
the GI tract, though the precise mechanisms in vivo are
unknown [39, 40]. Intestinal HSP70 in broilers under
acute heat stress has previously been found to play an
important role in the oxidative stress response [38]. A
strong positive correlation between HSP70 abundance
and digestive enzyme activity under heat stress has also
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HSP70 may improve intestinal function during acute
heat stress [38].
In this study the introduction of the used litter de-
creased the abundance of all HSP identified in all the
birds but especially the challenged group, though the de-
crease over the four time points did fluctuate between
spots. This decrease could be developmentally linked
and therefore a normal finding. Some HSPs are constitu-
tively present under basal physiological conditions by
specific cells in the body including the intestinal cells
[40], as such, decreased HSPs abundance observed in
both groups of birds is likely to be part of normal devel-
opment. Young chicks, immunologically naïve and es-
tablishing an intestinal microbiota may constitutively
produce HSP in the intestinal tissue. The protective
functions HSP, highlighted in studies of heat stress [38,
41] where no changes in intestinal morphology were de-
tected, despite increases in HSP70 [38], indicate that
changes at the proteome level are protective. Three heat
shock proteins identified in the intestines of broilers
treated with E. faecium supplement were down regulated
suggesting that the intestinal mucosa of E. faecium sup-
plemented broilers have reduced inflammatory and oxy-
gen stress and as such require less energy and nutrition
leading to improvement in the feed conversion efficiency
[5]. Protein disulphide isomerise A3 (PDI A3) was iden-
tified in two spots that decreased in abundance over
time in the challenge birds. Like HSP, PDI A3 is also in-
volved in protein folding ensuring that proteins adopt
their correct folds by catalyzing disulfide bond formation
[42] and in both groups of birds there is a dramatic de-
crease at day 22. This could be because the birds have
passed the period of maximal intestinal growth, seen be-
tween hatch and 21 days. Beyond 22 days birds enter a
phase where intestinal growth slows and this is likely to
result in a changes in protein abundance.
Apolipoprotein A-1 (ApoA1) was identified in two
spots (502 and 503), both of which showed differential
abundance over time (Table 3). Spot 502 significantly in-
creased in abundance in the challenged birds. ApoA1, a
major component of high density lipoprotein (HDL) in
plasma, is involved in lipid transport and metabolism
and plays an important role in cholesterol homeostasis.
ApoA1 has anti-inflammatory properties and in mam-
mals is a negative acute phase protein, as plasma con-
centrations of this protein decrease during acute
inflammation [43]. In chickens ApoA1 responds as a
negative acute phase protein (O’Reilly, E. L., unpublished
observation) as it does in other species [44] reducing its
concentration in plasma as a result of inflammation and
infection. In avian species ApoA1 is produced in numer-
ous other tissues other than the liver, the primary site of
synthesis in mammals [45]. Locally synthesised ApoA1 isthought to act as a local lipid transporter [45] and it is
possible that the increase in ApoA1 observed in the
challenged birds may have occurred due to an increase
in cellular debris, brought about because of the increase
in cellular apoptosis.
As a result of a microbial challenge, delivered by the
addition of used litter, the intestinal proteome of broiler
chickens showed differential abundance of a number of
proteins. The results, comparable with other studies of the
intestinal proteome of other farm animals and humans in-
dicate that many of the responses to infection and inflam-
mation in the small intestine are conserved among
vertebrates, though the decrease in intestinal HSP as a re-
sult of microbial challenge and age has not been reflected
in other studies. The chicken intestinal proteome appears
highly malleable to change, with used litter, supplementa-
tion with bacteriocidin [4] and E.faecium [5] genetic selec-
tion [3] and exposure to atmospheric ammonia [6] all
eliciting changes in protein abundance, many of which in-
volve the same molecular pathways. Proteomic studies of
the intestine allow a more complete understanding of the
interactions that take place at the mucosal-luminal inter-
face, where microbiota, nutrients and pathogens all play a
role in determining protein abundance and as such, the
growth and health of the bird.
Conclusions
Using a used litter microbial challenge model in this
study resulted in reduced and uneven growth, no mor-
tality and the identification of a large number of jejunal
proteins that changed abundance significantly between
days 12 and 22 as a result of normal growth and devel-
opment and also as a result of the microbial challenge.
Actin, actin associated proteins and heat shock proteins
showed the greatest changes both developmentally and
also as a result of the used litter challenge. This study
uncovered the effect this type of challenge model has on
the intestinal proteome of the broiler chicken, the results
of which are highly relevant to many areas of poultry
sciences. Identifying and distinguishing the changes in
proteins abundance and molecular pathways that occur
as a result of normal growth from those that occur as a
result of a challenging microbial environment is import-
ant in a species able, so effectively, to convert feed into
meat protein.
Abbreviations
ANOVA: Analysis of variance; ASRC: Avian Science and Research Centre;
CHAPS: 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate
hydrate; cm: centimetre; Cy: Cyanine; DiGE: Difference gel electrophoresis;
DTT: dithiothreitol; ECL: enhanced chemiluminescence substrate; g: gram;
GI: Gastrointestinal; h: Hour; HRP: Horse radish peroxidase; IEF: Isoelectric
focusing; IPG: Immobilised pH gradient; k: kilo; kg: kilogram; M: Molar;
mg: milligram; mM: milimolar; MOPS: 3-(N-morpholino)propanesulfonic acid;
MS: Mass spectrometry; NaCl: Sodium chloride; NCBI: National center for
biotechnology information; NCP: Nitrocellulose paper; nLC-ESI-MS/
MS: nanoflow HPLC electrospray tandem mass spectrometry; SDS-
O’Reilly et al. Proteome Science  (2017) 15:10 Page 16 of 17PAGE: Sodium dodecyl sulfate polyacrylamide gel electrophoresis;
SRUC: Scotland’s Rural college; TBS: Tris buffered saline; TBS-T: TBS & tween.;
V: Volt; v/v: volume per volume; w/v: weight per volume; Mg: microgram;
Ml: microlitre
Acknowledgements
Alan Scott for the technical assistance.
Funding
This work was funded by BBSRC (BB/H016171/1), World Poultry Science
Association - UK branch (summer scholarship) and SRUC.
Availability of data and materials
All data generated or analysed during this study are included in this
published article.
Authors’ contributions
EOR conceived the study, designed the experiment, participated in
coordinating the experimental trial at SRUC, obtained samples from the
birds, conducted the DiGE work, trypsin digestion, western blotting and
wrote the manuscript. RB participated in the DiGE experimental design,
undertook the MS analyses and aided in revising the manuscript. NS
coordinated the study at SRUC, organised the trial, analysed the
microbiology and assisted with the manuscript draft. PDE assisted with
proteomic data analysis and in revising the manuscript.
Competing interests
The authors declare that they have no competing interests.
Consent for publication
Not applicable.
Ethics approval and consent to participate
The experimental design and procedure was approved by SRUC’s Animal
Experiments Committee (AU AE 40–2012) and complied with the conditions
of the relevant Home Office licences. Birds were regularly inspected by both
poultry vet and animal welfare officer.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.
Author details
1Institute of Biodiversity, Animal Health and Comparative Medicine, College
of Medical, Veterinary and Life Sciences, Glasgow University, Glasgow, UK.
2Glasgow Polyomics Facility, College of Medical, Veterinary and Life Sciences,
Glasgow University, Glasgow, UK. 3The Roslin Institute and Royal (Dick)
School of Veterinary Studies, Easter Bush, Midlothian EH25 9RG, UK.
Received: 13 June 2016 Accepted: 2 May 2017
References
1. Davison F, Kaspers B, Schat K. The Avian Mucosal Immune System. In:
Davison F, Kaspers B, Schat K, editors. Avian Immunology. Philadelphia:
Elsevier Ltd; 2008.
2. Korver D. Overview of the immune dynamics of the digestive system. J
Appl Poult Res. 2006;15:123–35.
3. Gilbert E, Williams P, Ray W. Proteomic evaluation of chicken brush-border
membrane during the early posthatch period. J Proteomic Res.
2010;9:4628–39.
4. Wang H-T, Li Y-H, Chou I-P, Hsieh Y-H, Chen B-J, Chen C-Y. Albusin B
modulates lipid metabolism and increases antioxidant defense in broiler
chickens by a proteomic approach. J Sci Food Agric. 2013;93:284–92.
5. Luo J, Zheng A, Meng K, Chang W, Bai Y, Li K, Cai H, Liu G, Yao B. Proteome
changes in the intestinal mucosa of broiler (Gallus gallus) activated by
probiotic Enterococcus faecium. J Proteomics. 2013;91:226–41.
6. Zhang J, Li C, Tang X, Lu Q, Sa R, Zhang H. Proteome changes in the small
intestinal mucosa of broilers (Gallus gallus) induced by high concentrations
of atmospheric ammonia. Proteome Sci. 2015;13:9.7. Apajalahti J, Kettunen A, Graham H. Characteristics of the gastrointestinal
microbial communities, with special reference to the chicken. World Poult
Sci. 2004;60:223–32.
8. Cressman MD, Yu Z, Nelson MC, Moeller SJ, Lilburn MS, Zerby HN.
Interrelations between the microbiotas in the litter and in the intestines of
commercial broiler chickens. Appl Environ Microbiol. 2010;76:6572–82.
9. Torok VA, Hughes RJ, Ophel-Keller K, Ali M, Macalpine R. Influence of
different litter materials on cecal microbiota colonization in broiler chickens.
Poult Sci. 2009;88:2474–81.
10. Lee KW, Lillehoj HS, Lee SH, Jang SI, Ritter GD, Bautista DA, Lillehoj EP.
Impact of Fresh or Used Litter on the Posthatch Immune System of
Commercial Broilers. Avian Dis. 2011;55:539–44.
11. Danielsen M, Hornshøj H, Siggers RH, Jensen BB, Van Kessel AG, Bendixen E.
Effects of Bacterial Colonization on the Porcine Intestinal Proteome., J
Proteome Res. 2007;6:2596–604.
12. Petriz BA, Franco OL. Metaproteomics as a Complementary Approach to
Gut Microbiota in Health and Disease. Front Chem. 2017;5:1–7.
13. Mottawea W, Chiang CK, Mühlbauer M, Starr AE, Butcher J, Abujamel T,
Deeke SA, Brandel A, Zhou H, Shokralla S, Hajibabaei M, Singleton R,
Benchimol EI, Jobin C, Mack DR, Figeys D, Stintzi A. Altered intestinal
microbiota–host mitochondria crosstalk in new onset Crohn’s disease. Nat
Communs. 2016;7:13419.
14. Werner T, Shkoda A, Haller D. Intestinal epithelial cell proteome in IL-10
deficient mice and IL-10 receptor reconstituted epithelial cells: Impact on
chronic inflammation. J Proteome Res. 2007;6:3691–704.
15. Lichtman JS, Marcobal A, Sonnenburg JL, Elias JE. Host-centric Proteomics
of Stool: A Novel Strategy Focused on intestinal Responses to the Gut
Microbiota. Mol Cell Proteomics. 2013;12:3310–8.
16. Lichtman JS, Alsentzer E, Jaffe M, Sprockett D, Masutani E, Ikwa E,
Fragiadakis GK, Clifford D, Huang BE, Sonnenburg JL, Huang KC, Elias JE. The
effect of microbial colonization on the host proteome varies by
gastrointestinal location. Isme J. 2016;10:1–12.
17. Daneshvar H, Wyllie S, Phillips S, Hagan P, Burchmore R. Comparative
proteomics profiling of a gentamicin-attenuated Leishmania infantum cell
line identifies key changes in parasite thiol-redox metabolism. J Proteomics.
2012;75:1463–71.
18. Minitab 16 statistical software. State College. PA: Minitab, Inc.; 2010 (www.
minitab.com).
19. Conway DP, Dayton AD, Mckenzie ME. Comparative Testing of
Anticoccidials in Broiler Chickens : The Role of Coccidial Lesion Scores. Poult
Sci. 1999;78:529–35.
20. National Animal Genome Research Program. animalgenome.org.
Accessed 31 Mar 2013.
21. Steinmetz A, Hermann M, Nimpf J, Aebersold R, Ducret A, Weinberg RB.
Schneider, W J. Expression and conservation of apolipoprotein AIV in an
avian species. J Biol Chem. 1998;273:10543–9.
22. Humphrey S, Chaloner G, Kemmett K, Davidson N, Williams N, Kipar A,
Humphrey T, Wigley P. Campylobacter jejuni is not merely a commensal in
commercial broiler chickens and affects bird welfare. MBio. 2014;5.
23. Pattison M, McMullin PF, Bradbury JM, Alexander DJ. Poultry diseases. 6th
ed. Philadelphia, USA: Elsevier Ltd; 2008.
24. Lillehoj H, Trout J. Coccidia: a review of recent advances on immunity and
vaccine development. Avian Pathol. 1993;22:3–31.
25. Morris BC, Danforth HD, Caldwell DJ, Pierson FW, McElroy AP. Intestinal
mucosal mast cell immune response and pathogenesis of two Eimeria
acervulina isolates in broiler chickens. Poult Sci. 2004;83:1667–74.
26. Gilbert ER, Cox CM, Williams PM, McElroy AP, Dalloul RA, Ray WK, Barri A,
Emmerson D, Wong E, Webb KE. Eimeria species and genetic background
influence the serum protein profile of broilers with coccidiosis. PLoS One.
2011;6:e14636.
27. Uni Z, Ganot S, Sklan D. Posthatch development of mucosal function in the
broiler small intestine. Poult Sci. 1998;77:75–82.
28. Iji PA, Saki A, Tivey DR. Body and intestinal growth of broiler chicks on a
commercial starter diet. 1. Intestinal weight and mucosal development. Br
Poult Sci. 2001;42:505–13.
29. Wang Y, Srinivasan K, Siddiqui MR, George SP, Tomar A, Khurana S. A novel
role for villin in intestinal epithelial cell survival and homeostasis. J Biol
Chem. 2008;283:9454–64.
30. Wang Y, George SP, Srinivasan K, Patnaik S, Khurana S. Actin reorganization
as the molecular basis for the regulation of apoptosis in gastrointestinal
epithelial cells. Cell Death Differ. 2012;19:1514–24.
O’Reilly et al. Proteome Science  (2017) 15:10 Page 17 of 1731. Wang Y, George SP, Roy S, Pham E, Esmaeilniakooshkghazi A, Khurana S.
Both the anti- and pro-apoptotic functions of villin regulate cell turnover
and intestinal homeostasis. Sci Rep. 2016;6:35491.
32. Dudouet B, Jacob L, Beuzeboc P, Magdelenat H, Robine S, Chapuis Y,
Christoforov B, Cremer GA, Pouillard P, Bonnichon P, Pinon F, Salmon RJ,
Pointereau-Bellanger A, Bellanger J, Maunoury MT, Louvard D. Presence of
villin, a tissue-specific cytoskeletal protein, in sera of patients and an initial
clinical evaluation of its value for the diagnosis and follow-up of colorectal
cancers. Cancer Res. 1990;50:438–43.
33. Rimm DL, Holland TE, Morrow JS, Anderson JM. Autoantibodies specific for
villin found in patients with colon cancer and other colitides. Dig Dis Sci.
1995;40:389–95.
34. Collado-Romero M, Martins RP, Arce C, Moreno Á, Lucena C, Carvajal A,
Garrido JJ. An in vivo proteomic study of the interaction between
Salmonella Typhimurium and porcine ileum mucosa. J Proteomics.
2012;75:2015–26.
35. Rawls JF, Samuel BS, Gordon JI. Gnotobiotic zebrafish reveal evolutionarily
conserved responses to the gut microbiota. Proc Natl Acad Sci U S A.
2004;101:4596–601.
36. Hooper LV, Wong MH, Thelin A, Hansson L, Falk PG, Gordon JI. Molecular
analysis of commensal host-microbial relationships in the intestine. Science.
2001;291:881–4.
37. Groulx JF, Gagné D, Benoit YD, Martel D, Basora N, Beaulieu JF. Collagen VI
is a basement membrane component that regulates epithelial cell-
fibronectin interactions. Matrix Biol. 2011;30:195–206.
38. Hao Y, Gu X, Wang X. Overexpression of heat shock protein 70 and its
relationship to intestine under acute heat stress in broilers: 1. Intestinal
structure and digestive function. Poult Sci. 2012;91:781–9.
39. Otaka M, Odashima M, Tamaki K, Watanabe S. Expression and function of
stress (heat shock) proteins in gastrointestinal tract. Int J Hyperthermia.
2009;25:634–40.
40. Kojima K, Musch MW, Ropeleski MJ, Boone DL, Ma A, Chang EB. Escherichia
coli LPS induces heat shock protein 25 in intestinal epithelial cells through
MAP kinase activation. Am J Physiol Gastrointest Liver Physiol.
2004;286:G645–52.
41. Gu XH, Hao Y, Wang XL. Overexpression of heat shock protein 70 and its
relationship to intestine under acute heat stress in broilers: 2. Intestinal
oxidative stress. Poult Sci. 2012;91:790–9.
42. Gruber CW, Cemazar M, Heras B, Martin JL, Craik DJ. Protein disulfide
isomerase: the structure of oxidative folding. Trends Biochem Sci.
2006;31:455–64.
43. Kravitz MS, Pitashny M, Shoenfeld Y. Protective molecules C-reactive protein
(CRP), serum amyloid P (SAP), pentraxin3 (PTX3), mannose-binding lectin
(MBL), and apolipoprotein A1 (Apo A1), and their
44. Carpintero R, Piñeiro M, Andrés M, Iturralde M, Alava MA, Heegaard PMH,
Jobert JL, Madec F, Lampreave F. The concentration of apolipoprotein A-I
decreases during experimentally induced acute-phase processes in pigs.
Infect Immun. 2005;73:3184–7.
45. Doherty MK, McLean L, Hayter JR, Pratt JM, Robertson DHL, El-Shafei A,
Gaskell SJ, Beynon RJ. The proteome of chicken skeletal muscle: changes in
soluble protein expression during growth in a layer strain. Proteomics.
2004;4:2082–93.•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit
Submit your next manuscript to BioMed Central 
and we will help you at every step:
